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1
AMPLIFIER APPARATUS

INCORPORAITION BY REFERENC.

L1

The present application claims priority from Japanese
applications JP2008-289681 filed on Nov. 12, 2008, the con-

tent ol which 1s hereby incorporated by reference into this
application.

BACKGROUND OF THE INVENTION

The present invention relates generally to amplifiers foruse
in base stations of a cellular telephone system or the like, and
more particularly to an amplifier capable of improving the
elficiency of Doherty amplifier circuitry.

Traditionally, 1n the case of electrical power amplification
of a code division multiple access (CDMA) signal or a multi-
carrier signal, a common amplifier 1s added a distortion com-
pensation means for expanding the operation range of this
common amplifier up to a nearby area of the saturation region
to thereby lower electric power consumption. The distortion
compensation means includes a feed-forward distortion com-
pensation technique, pre-distortion compensation technique
or else; however, with mere use of such distortion compen-
sation, the achuevability of lower power consumption reaches
almost a limit. For this reason, 1n recent years, a specific type
of amplifier circuitry, called the Doherty amplifier, draws
attention as a high efficiency amplifier.

Prior Art Documents

It 1s noted that prior art documents concerning the Doherty
amplifier include JPA-2006-332829 (Patent Document 1),

JP-A-2006-197556 (Patent Document 2), JP-A-2007-006164
(Patent Document 3), JP-A-2006-163856 (Patent Document
4), and JP-A-2006-157900 (Patent Document 35).

Patent Documents 1-5 disclose that an input signal 1s
divided for distribution 1nto portions, one of which 1s ampli-
fied by a carrier amplifier that 1s operable in class-AB or
class-B, and the other of which 1s amplified by a peak ampli-
fier that operates in class-B or class-C, wherein these ampli-
fied ones are combined together for signal output.

In particular, Patent Documents 1-2 disclose therein
Doherty amplifiers of the type having a parallel combination
of more than two peak amplifiers, wherein these peak ampli-
fiers are rendered operative 1n stages 1n response to an mput
level.

SUMMARY OF THE INVENTION

Doherty Amplifier
FIG. 6

An explanation will be given of a prior known Doherty
amplifier with reference to FIG. 6. FIG. 6 1s a block diagram
showing a configuration of the conventional art Doherty
amplifier.

As shown 1n FI1G. 6, the conventional art Doherty amplifier
1s generally made up of an input terminal 1, power divider 2,
phase shifter 3, carrier amplifier circuit 4, peak amplifier
circuit 5, Doherty combination unit 6, quarter wavelength
(A/4) transtformer 7, and output terminal 8.

The carnier amplifier circuit 4 1s configured from an input
matching circuit 41, amplifying element 42, and output
matching circuit 43. The peak amplifier circuit 3 includes an
input matching circuit 51, amplifying element 52 and output
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matching circuit 53. The Doherty combination unit 6 includes
a A4 transtformer 61 and node (combination point) 62.

Respective constituent components will be explained
below.

The divider 2 1s the one that divides a signal as input from
the mput terminal 1 1nto two portions for distribution.

The phase shifter 3 1s for delaying the phase of one of those
signals which are split by the divider 2.

The mput matching circuit 41 of the carrier amplifier cir-
cuit 4 causes one signal divided and distributed by the divider
2 to be matched 1n impedance with the input side of the
amplifier element 42.

The amplifying element 42 1s an amplifier element which s
biased to operate 1n class-AB and which 1s rendered operative
from when an 1input power level stays low.

The output matching circuit 43 1s for taking the matching of
the output side of the amplifier element 42 with the A/4
transformer 61.

The mput matching circuit 51 of the peak amplifier circuit
5 1s the one that recerves from the phase shifter 3 a signal
having 1ts phase which 1s delayed by 90 degrees and matches
this signal with the mput side of the amplifier element 52.

The amplitying element 52 1s an amplifier element which1s
biased 1n class-B or class-C, and starts its operation when the
input level 1s high.

The output matching circuit 33 1s for matching the output
side of the amplifying element 52 with the node 62.

Additionally, the A/4 transtormer 61 of the Doherty com-
bination unit 6 1s the one that performs impedance conversion
of an output signal of the carrier amplifier circuit 4 for achiev-
ing the matching with the node 62.

The node 62 1s for combining together an output signal
from the A/4 transformer 61 and an output signal of the peak
amplifier circuit 5.

The A/4 transformer 7 1s to perform impedance conversion
of a combined signal at the node 62 for matching 1t with an
output load 9.

An operation of the Doherty amplifier with the above-
stated configuration will be explained below.

A signal that 1s input from the input terminal 1 1s divided by
the divider 2. One divided signal 1s input to the carrier ampli-
fier 4 and then amplified by the amplifying element 42. An
output signal of the carrier amplifier 4 1s applied impedance
conversion at the A/4 transformer 61.

Another signal that 1s split by the divider 2 1s delayed 1n
phase by 90 degrees at the phase shifter 3 and then input to the
peak amplifier 5, followed by amplification by the amplifying
clement 52.

An output of the A/4 transformer 61 and an output of the
peak amplifier 5 are combined at the node 62. The combined
signal 1s impedance-converted by the A/4 transtormer 7 and 1s
connected to the output load 9 through the output terminal 8.
In this way, the operation of the conventional art Doherty
amplifier 1s performed.

Here, an explanation will be given of the operation elli-
ciency of the Doherty amplifier.

The carrier amplifier 4 and the peak amplifier 5 are differ-
ent from each other 1n that the amplifying element 42 1s biased
in class-AB whereas the amplifying element 52 1s biased
either 1n class-B or 1n class-C. Due to this, the amplifier
clement 42 behaves to operate singularly until receipt of an
input which permits the amplifier element 52 to start an opera-
tion. When the amplifier element 42 enters its saturation
region (when the linearity of amplifier element 42 starts to
corrupt), the amplifier element 52 starts to operate, causing an
output of the amplifier element 52 to be supplied to the load 9
to thereby drive the load together with the amplifier element
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42. At this time, a load line of the output matching circuit 43
changes from a high resistance to low resistance as will be
described later; however, the efficiency 1s good because the
amplifier element 42 1s in the saturation region. When the
input from the input terminal 1 further increases, the amplifier
element 52 also becomes saturated. At this time also, the

elliciency 1s good because the amplifier elements 42 and 52
are both saturated.

Efficiency of Doherty Amplifier

FIG. 7

Next, an explanation will be given of elliciency versus
output power characteristics of the Doherty amplifier with
referenceto FIG. 7. FI1G. 7 1s an explanation diagram showing
the efficiency versus output power characteristics of the
Doherty amplifier and an ordinary class-B amplifier. In FIG.
7, a dotted line 1s used to designate the efficiency of standard
class-B amplifier whereas a solid line indicates the theoreti-
cally defined collector efficiency or drain eificiency of
Doherty amplifier 1n a simple model.

Note that the term “collector efficiency” as used herein
refers to the ratio of radio frequency (RF) output power tak-
able from the collector with respect to the product of a power
supply voltage (current) being applied to the collector and a
current (direct current) to be supplied from such power sup-
ply. The same goes with the drain efficiency.

The abscissa axis of the graph of FIG. 7 indicates the
back-ofl (1.e., saturation output power with respect to the
average output power of the amplifier). This 1s a numerical
value mdicative of a degree of margin or “luxury” that the
input level has against the compression point, when an 1mput
level (compression point) relative to the input terminal 1 1n
which both of the amplifier elements 42 and 52 are saturated
1s set to zero decibels (0 dB).

As shown 1n FIG. 7, when the mput level stays 1n a zone
“A”, only the carrier amplifier 4 1s basically rendered opera-
tive. At a point whereat the back-off becomes 6 dB or there-
around, the carrier amplifier 4 starts to be saturated, resulting
in the efficiency reaching almost the maximum efficiency of
class-B amplifier. Letting the maximum output of Doherty
amplifier be Po, the output of the carrier amplifier 4 at this
time 1s about Po/4.

In a zone B with the back-off being kept equal to or less
than 6 dB, the output of carrier amplifier 4 increases from
about Po/4 to Po/2 1n accordance with an increase in 1nput
level. The output of the peak amplifier 5 increases from
almost zero up to Po/2.

At this time, the sum of output power values of the carrier
amplifier circuit4 and peak amplifier circuit 5 1s 1n proportion
to the mput power relative to the input terminal 1, with the
same proportion constant as that in the zone A. When the peak
amplifier 5 starts to operate, the elliciency once decreases;
thereatter, 1t comes to have a peak again at the compression
point at which the peak amplifier circuit 5 also becomes
saturated. At the compression point, the carrier amplifier cir-
cuit 4 and the peak amplifier circuit 5 are equal to each other
in output.

Regarding Impedance of Each Part
FIG. 6

An explanation will next be given of the impedance of each
part of the Doherty amplifier with reference to FIG. 6.
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As shown m FIG. 6, an output load Z, 1s defined to be
constant 1n value; so, let 1t be the start point.

An impedance 7, when looking at the A/4 transformer 7
from the node 62 is given by Z.=7.°/Z,,, where Z, is the
characteristic impedance of the A/4 transformer 7.

An impedance 7, when looking at the A/4 transformer 61
from the output matching circuit 43 1s obtainable 1n a similar
way to the above-noted case because the output impedance of
the output matching circuit 53 becomes substantially infinite
in the zone A. In a zone C, the load 1s equally shared so that
cach of the load impedance (an extent of contribution of the
carrier amplifier circuit 4 at the node 62) 7, of the A/4 trans-
former 61 and the load impedance 7. of the matching circuit
53 becomes equal to 27... Thus, the following equations are
obtained.

(7F 7ZF , VA ( " (EQU 1)
— = = /o— (zone
Z4 = 4 Z[}
7: 7o 7F
o St (zone ()
22~ 22
(zone A) (EQU 2)

-8
L5 =
277 (zone ()

Note here that Z, 1s the specific impedance of the A/4
transformer 61.

Additionally, Z, and Z. are such that when falling within
the zone B, each transits between a value taken 1n the zone A
and a value 1n the zone C.

An explanation will now be given of the impedance 1n a
case where the Doherty amplifier 1s applied to a high fre-
quency region (e.g., a gigahertz or “GHz” region).

Theimpedance 7, becomes the half in value when the input
signal level 1s relatively large (in zone C) with respect to an
impedance value when the input signal 1s kept small (zone A).
In other words, 1t exhibits occurrence of a twotold load varia-
tion. For example, letting Z-,=2362 and Z,=50L2, 7, 1s
expected to change within a range between 100 to 50€2.
Accordingly, the load impedance of the amplifier element 42
also varies. Generally, this 1s called the load modulation.

Recent CDMA and OFDM signals are high in peak factor
(the ratio of peak power to average power). To provide
increased handleability against peak factors of 7 dB to 12 dB,
specific types of amplifiers are used, including an “n-way”
Doherty amplifier having a parallel connection of a plurality
(n—1) of peak amplifier circuits, and an unequal power split
Doherty amplifier with the output power of peak amplifier
circuit being made greater than the output power of carrier
amplifier circuit.

Regarding these amplifiers also, basic principles are the
same as those stated supra.

Any one of the conventional art Doherty amplifiers 1s faced
with a problem which follows. In actual applications, the peak
amplifier 1s unable to start 1ts operation immediately when the
carrier amplifier 1s saturated. As the peak amplifier 1s ren-
dered operative to a certain degree before the carrier amplifier
1s saturated, the resulting efficiency of an entirety of the
amplifier at the saturation point or therearound becomes the
one that deteriorates the etliciency of the carrier amplifier.

The present invention has been made 1n view of the above-

stated technical background, and an object of this invention 1s
to provide an amplifier capable of improving the efficiency of
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an entirety of Doherty amplifier by lowering an electrical
current flowing in the peak amplifier prior to saturation of the
carrier amplifier.

To attain the foregoing object, in accordance with one
aspect of this invention, there 1s provided an amplifier which
includes a carrier amplifier circuit having an amplifying ele-
ment that 1s operable in class-AB or class-B, and a plurality of
peak amplifier circuits having amplifying elements operable
in class-B or class-C, characterized in that an output of the
carrier amplifier circuit and outputs of the plurality of peak
amplifier circuits are combined together into a signal to be
output, that the plurality of peak amplifier circuits start to
operate 1n stages 1n response to an nput level, and that the
saturation output of one peak amplifier circuit of the plurality
of peak amplifier circuits which starts to operate at the lowest
input level 1s smaller than the saturation output of the carrier
amplifier circuit.

In accordance with another aspect of the invention, the
amplifier 1s arranged so that 1t further includes a harmonic
wave generation circuit, which has a divider operative to
divide for distribution an input signal of a basic frequency into
basic wave signals, a harmonic generator which generates a
secondary harmonic wave from one of the basic wave signals
divided, an adjuster which operates to adjust the phase and
amplitude of the secondary harmonic wave generated at the
harmonic generator, and a combiner which combines the
phase/amplitude-adjusted secondary harmonic wave and the
other of the divided basic wave signals and then outputs a
combined signal, wherein a secondary harmonic wave which
1s output from the harmonic wave generation circuit is
injected 1mnto an input signal of the carrier amplifier circuit
and/or peak amplifier circuat.

According to this invention, the amplifier 1s arranged to
include the carrier amplifier circuit having the amplifying
clement operable in class-AB or class-B, and the plurality of
peak amplifier circuits having the amplifying elements oper-
able 1n class-B or class-C, wherein outputs of the carrier
amplifier circuit and the plurality of peak amplifier circuits
are combined together for signal output, wherein the plurality
ol peak amplifier circuits start to operate 1n stages 1n response
to an input level, and wherein the saturation output of a peak
amplifier circuit of the plurality of peak amplifier circuits
which starts to operate at the lowest input level 1s less than the
saturation output of the carrier amplifier circuit. Accordingly,
this amplifier offers 1ts advantageous etlect which follows:
the current flowing in the peak amplifier before the carrier
amplifier becomes saturated 1s lowered to thereby make 1t
possible to improve the efliciency of the amplifier as a whole.

Additionally, according to this invention, the above-stated
amplifier 1s arranged to further comprise a harmonic wave
generation circuit, which includes a divider operative to
divide for distribution an input signal of a basic frequency into
basic wave signals, a harmonic generator which generates a
secondary harmonic wave from one of the basic wave signals
divided, an adjuster which adjusts the phase and amplitude of
the secondary harmonic wave generated at the harmonic gen-
erator, and a combiner which combines together the phase/
amplitude-adjusted secondary harmonic wave and the other
of the divided basic wave signals and then output a combined
signal, wherein a secondary harmonic wave which 1s output
from the harmonic wave generation circuit 1s injected into an
input signal of the carrier amplifier circuit and/or peak ampli-
fier circuit. Thus, the amplifier offers the following advanta-
geous effect: even 1n the case of a modulation wave being
input, efliciency degradation at those points except the point
for adjustment of secondary harmonic waves 1s suppressed to
thereby enable further enhancement of the efliciency-im-
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6

proving ellect owing to harmonic wave reflection 1n the har-
monic wave-injected carrier amplifier circuit and/or peak
amplifier circuit. This makes 1t possible to improve the eifi-
ciency of the amplifier as a whole.

Other objects, features and advantages of the mnvention will
become apparent from the following description of the
embodiments of the imnvention taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram showing a configuration of an
amplifier 1n accordance with one embodiment of this mnven-
tion.

FIG. 2 shows graphs with plots of some major character-
1stics curves, wherein part (a) of FIG. 2 1s an explanation
diagram showing input-output power characteristics, part (b)
1s an explanation diagram showing input-amplifier efficiency,
and part (¢) 1s an explanation diagram showing an electrical
current flowing 1n peak amplifier.

FIG. 3 1s a block diagram showing a configuration of an
amplifier 1n accordance with another embodiment of this
invention.

FIG. 4 1s a configuration block diagram of the amplifier
having a carrier amplifier circuit and peak amplifier circuits.

FIG. 51s a configuration block diagram of a high-harmonic
wave generation circuit.
FIG. 6 1s a configuration block diagram of one prior known

Doherty amplifier.
FIG. 7 1s a graph showing etliciency-output power charac-

teristics of Doherty amplifier and ordinary class-B amplifier.

DESCRIPTION OF THE EMBODIMENTS

Currently preferred embodiments of this invention will be
described 1n detail with reference to the accompanying fig-
ures of the drawing below.

An amplifier 1n accordance with one embodiment of this
invention 1s an n-way Doherty amplifier which 1s arranged to
divide an iput signal into portions for distribution and
amplily these divided signals by a carrier amplifier (carrier
amplifier circuit) which operates either 1n class-AB or 1n
class-B and a plurality of peaking amplifiers (peak amplifier
circuits) which operate 1n class-B or class-C and then com-
bine the amplified signals to thereby output a resultant com-
bined signal, wherein each peak amplifier operates 1n stages
in responding to an mput level, and wherein the maximum
output of a peak amplifier which starts 1ts operation at the
minimum 1nput level 1s set smaller than the maximum output
of the carrier amplifier, whereby an electrical current flowing
in the peak amplifier at an put level before the carrier
amplifier becomes saturated 1s lowered to thereby make 1t
possible to improve the efficiency of an entirety of the ampli-
fier.

An amplifier 1n accordance with another embodiment of
this invention 1s the one that includes at an 1input stage of the
amplifier with the above-stated configuration a harmonic
wave generation circuit which generates a harmonic wave
signal having 1ts frequency that i1s two times higher than the
frequency of a basic wave, and further includes a harmonic
wave reflection circuit 1n a respective one of the carrier ampli-
fier and the plurality of peak amplifiers, wherein in the case of
a harmonic wave being input thereto, efficiency deterioration
at those point other than a harmonic wave adjustment point 1s
lowered to achieve efficiency improvement owing to the har-
monic wave reflection in the carrier amplifier and the peak
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amplifiers, thereby enabling further improvement of the effi-
ciency of the amplifier as a whole.

Configuration of Embodiment
FIG. 1

An amplifier in accordance with one embodiment of this
invention will be described with reference to FIG. 1. FIG. 1 1s
a block diagram showing a circuit configuration of the ampli-
fier (amplifier) in accordance with the illustrative embodi-
ment of this mvention. It should be noted that constituent
parts or components which are similar to those shown 1n FIG.
6 are designated by the same reference numerals, with their
detailed explanations being omitted herein for purposes of
brevity of the description.

As shown 1n FIG. 1, this amplifier includes, as the same
parts as those of the conventional art, an input terminal 1, a
power divider 21, a carrier amplifier 4, a quarter wavelength
(A/4) transformer 61, a A/4 transformer 7, an output terminal
8 and an output load 9, and further includes a divider 22, peak
amplifier circuits 5-1, 5-2, . . ., 5-» (where “n” 1s a positive
integer), and signal transfer lines 54-1, 54-2, . . ., 54-n.

A Doherty combination unit 6 1s arranged to have a given
clectrical length ranging from zero to A/2.

The transter lines 54-1 to 54-» have an electrical length
which permits an impedance of each peak amplifier circuit
5-1, ..., 5-r as viewed from a node 62 to become larger 1n
value while the peak amplifier circuits 5-1 to 5-r are rendered
inoperative.

The divider 22 1s responsive to receipt of a signal that 1s
split by the divider 21 to the peak amplifier circuit side, for
distributing 1t among the plurality of peak amplifier circuits
5-1 1o 5-n. Although a configuration using the dividers 21 and
22 1s shown in FIG. 1 for the purpose of facilitating the
understanding of the block, the configuration for signal dis-
tribution to each amplifier circuit may be replaced with
another configuration when the need arises. Note that in FIG.
1, the arrangement with the combination of the dividers 21
and 22 1s shown as a distribution unit 2.

This amplifier 1s also provided with a phase shifter which
performs phase adjustment of a signal passing through the
carrier amplifier circuit 4 and signals passing through the
peak amplifier circuits 3-1 to 5-», although 1ts 1llustration 1s
omitted 1n the circuit diagram of FIG. 1 1n order to simplity
the explanation.

A configuration of the carrier amplifier circuit 4 1s similar
to that of the conventional art 1n that this circuit has an input
matching circuit, amplifying element and output matching,
circuit. The amplifier element of the carrier amplifier circuit 4
operates 1n class-AB or 1n class-B.

A configuration of each peak amplifier circuit 3-1, ..., 5-»
1s similar to that of the conventional art Doherty amplifier
shown in FIG. 6 1n that 1t has an mput matching circuit,
amplifying element and output matching circuit.

The amplifier elements of the peak amplifier circuits 5-1 to
5-n are operable 1n class-B or class-C, and are biased 1n a
stepwise Tashion 1n such a way as to start operations in stages
in a way depending on a change 1n 1input level. In the example
of FIG. 1, the peak amplifier circuits 3-1 to 5-» are arranged
to start operations sequentially at higher input levels in a way
which follows: firstly, the peak amplifier circuit 5-1 1s ren-
dered operative at the lowest input level; then, the peak ampli-
fier 5-2 1s rendered operative at the second lowest level, and
the following ones are activated in this order of sequence.

One feature of this amplifier lies in that the peak amplifier
circuits 5-1 to 5-r are arranged so that each of them 1s less 1n

10

15

20

25

30

35

40

45

50

55

60

65

8

saturation output than the carrier amplifier circuit 4 as will be
described in detail later. Here, for the purpose of facilitating
the understanding, respective peak amplifier circuits 5-1 to
5-n are designed to become greater in maximum output power
P with an increase 1n bias level; to do this, the value setting
used 1s as follows: P, <P, <...<P._ .

The use of a saturation power-lessened amplifying element
for the peak amplifier circuit 5 eliminates the need for large
power 1n its start-up event. This makes 1t possible to reduce an
electric current to be flown before the carrier amplifier circuit
4 becomes saturated as will be described later. Thus it 1s
possible to prevent degradation of the efficiency. In addition,
when compared to an element which 1s large in saturation
power, the saturation power-lowered element 1s higher in
eificiency as far as their outputs are the same; thus, it 1s
possible to achueve the intended efliciency improvement as a
whole.

Especially, 1n this amplifier, the saturation output of the
peak amplifier circuit 5 which 1s rendered operative at the
lowest 1nput level (1.e., peak amplifier circuit 5-1 1n the
example of FIG. 1) 1s arranged to be smaller than the satura-
tion output of the carrier amplifier circuit 4, thereby 1mprov-
ing the efliciency significantly.

Amplifier’s Operation
FIG. 1

An operation of the amplifier will be explained with refer-
ence to FIG. 1.

In this amplifier, a signal that 1s input from the mput ter-
minal 1 1s divided for distribution into two signal compo-
nents, one of which 1s input to the carrier amplifier circuit 4,
and the other of which 1s 1nput to the divider 22.

The signal as mput to the carrier amplifier circuit 4 1s
amplified by the amplifier element, impedance-converted by
the A/4 converter 61, and then mput to the node 62.

The si1gnal that 1s input to the divider 22 1s distributed to the
plurality of peak amplifier circuits 5-1 to 5-» and amplified by
cach peak amplifier circuit 5 and then input to the node 62 by
way of the transfer line(s) 54 for combination at the node 62
with a signal which 1s supplied from the carrier amplifier
circuit 4.

Then, the resulting combined amplification signal 1s
impedance-converted by the A/4 converter 7, output to the
output terminal 8, and then supplied to the load 9.

In this way, the operation of the amplifier 1s performed.

Characteristics of Amplifier

An explanation will next be given of some electrical char-
acteristics of this amplifier using FIG. 2. In FIG. 2, the char-
acteristics of an amplifier having two stages of peak amplifier
circuits as the peak amplifier circuit group will be explained.
More specifically, the amplifier to be discussed herein 1s a
circuit configuration with a parallel combination of the peak
amplifier circuit 5-1 and peak amplifier circuit 5-2, which 1s
connected to the output stage of the divider 22 1n FIG. 1.

Part (a) of FIG. 2 1s a graph showing input-output power
characteristics curves, part (b) of FIG. 2 1s a graph showing
amplifier efliciency versus mput power level characteristics
curves, and part (¢) 1s a graph showing plots of a current

flowing in peak amplifier.

Input-Output Characteristics
Part (a) of FIG. 2

In part (a) of FIG. 2, the transverse axis indicates input
power whereas vertical axis denotes output power. The satu-
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ration output of the carrier amplifier circuit 4 1s represented as
P, the saturation output of the peak amplifier circuit 5-1 1s

indicated by 0.25 P, and the saturation output of the peak
amplifier circuit 5-2 1s denoted by 0.75 P.

As shown 1n part (a) of FIG. 2, the carrier amplifier circuit
4 operates from a region which 1s low 1n mput power, and an
output 400 of the carrier amplifier circuit 4 increases with an
increase i mput power. Then, at a point P1 whereat the output
power approximately becomes the half (12) of the saturation
power or 1n the vicimity thereof, the carrier amplifier circuit 4
starts to be saturated.

On the other hand, when the peak amplifier circuit 5-1
starts 1ts operation at an imnput level lower than the point P1, an
output 511 ofthe peak amplifier circuit 5-1 appears. In arange
up to the point P1, since an output 311 of the peak amplifier
circuit 3-1 1s small, 1t does not happen that significant influ-
ence 1s exerted on an output 800 of the entire circuitry.

When the input increases resulting 1n an increase in output
511 of the peak amplifier circuit 5-1, the output 400 of the
carrier amplifier circuit 4 slightly increases due to application
ol load modulation thereto. The entire output 800 1s equal to
the sum of the output 400 of carrier amplifier circuit 4 and the
output 511 of peak amplifier circuit 5-1.

Thereafter, when the output 511 of the peak amplifier cir-
cuit 5-1 gets closer to the saturation (at point P2), the peak
amplifier circuit 5-2 starts an operation, resulting 1n 1ts output
512 appearing The carrier amplifier circuit 4 1s further applied
the load modulation so that 1ts output increases.

The entire output 800 at this time 1s equal to the sum of the
output 400 of carrier amplifier circuit 4 and the output 511 of
peak amplifier circuit 5-1 plus the output 512 of peak ampli-
fier circuit 5-2.

Although the circuitry having two stages of peak amplifier
circuits 3-1 and 3-2 has been explained in FIG. 2, the same 1s
true for an amplifier with n stages of the peak amplifier
circuits 5-1 to 5-x: first, the peak amplifier circuit 5-1 starts an
operation whereby load modulation 1s applied to the carrier
amplifier circuit 4, resulting 1n an increase 1n output of the
carrier amplifier circuit 4; when the peak amplifier circuit 5-1
starts to be saturated, the peak amplifier circuit 5-2 1s rendered
operative to thereby perform a similar operation, followed by
execution of similar operations until the peak amplifier circuit
5-n becomes saturated.

Efficiency

Part (b) of FIG. 2

The efficiency will be discussed with reference to part (b)
of FIG. 2.

Here, the efficiency of the “first” amplifier having the par-
allel combination of peak amplifier circuits 5-1 and 5-2 1s
indicated by reference numeral 801. The efficiency of an 1deal
output-equalized two-way Doherty amplifier 1s designated by
numeral 802. The efficiency of conventional art two-way
Doherty amplifier 1s denoted by 803.

The efficiency 802 of the i1deal output-equalized two-way
Doherty amplifier becomes high at the point P1 at which the
carrier amplifier circuit 4 starts to be saturated. Whereas a
notable drop-down 1s temporarily observed within a region
beyond the point P1, the efficiency 801 of the first amplifier
becomes high when the peak amplifier circuit 5-1 becomes
saturated (at point P2). Thus, it can be seen that the efficiency
1s drastically improved in this region.

The efliciency 801 of the first amplifier exhibits a certain
degree of etficiency degradation due to the influence of acti-
vation of the peak amplifier circuit 5-2 after the efficiency
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reaches a peak at the point P2. However, the elficiency
behaves to recover at points falling within a range of from the
point P1 to point P2 and there are three elfliciency peak points,
thereby the entire efliciency 1s also improved when compared
to the efficiency 802 of the ideal equal-output two-way
Doherty amplifier.

Although the explanation here 1s under the assumption that
two stages of peak amplifier circuits are used, the same 1s true
on the case of n stages of peak amplifier circuits being pro-
vided therein. By designing the peak amplifier circuits 5-1 to
5-n so that these become saturated sequentially, 1t 1s possible
to increase the number of the efficiency maximized points.
This 1n turn permits the entire efliciency to improve accord-

ingly.

Current of Peak Amplifier Circuit

Part (¢) of FIG. 2

An explanation will be given of an electrical current tlow-
ing 1n the peak amplifier circuit § with reference to part (¢) of
FIG. 2.

Here, a current flowing 1n the peak amplifier circuit of the
first amplifier having peak amplifier circuits 5-1 and 5-2 1s
indicated by numeral 501. A current flowing 1n the peak
amplifier circuit of the ideal equal-output two-way Doherty
amplifier 1s indicated by 502. A current of the conventional art
two-way Doherty amplifier 1s indicated by 503.

In the conventional art two-way Doherty amplifier, the
saturation power of peak amplifier circuit 1s relatively large;
thus, 1n order to output electrical power required in startup
events, 1t 1s necessary to start an operation before the carrier
amplifier circuit 4 becomes saturated. For this reason, the
current 503 of the peak amplifier circuit of the conventional
art two-way. Doherty amplifier starts to flow when the voltage
1s an iput point V¢, which 1s lower than an input V1 at which
the current 502 of the i1deal equal-output two-way Doherty
amplifier becomes zero, resulting 1n a total current becoming
the current indicated by numeral 503. This 1s larger than the
current 502 of the ideal equal-output two-way Doherty ampli-
fier.

On the contrary, the peak amplifier circuit of the first ampli-
fier uses the peak amplifier circuit 5-1 of the type having a
small saturation output; thus, the current to be flown before
the carrier amplifier circuit 4 1s saturated 1s made smaller
without difficulties. Furthermore, when compared to an ele-
ment which 1s large 1n saturation power, an element which 1s
less 1n saturation power 1s higher in efficiency at the same
output. With this feature, 1t 1s possible to accomplish the
intended efficiency improvement of the amplifier.

In the peak amplifier circuit of the first amplifier, a current
starts to flow when the voltage 1s a point Va which 1s slightly
lower from the point V1, resulting in the whole current
becoming appreciably lower when compared to the conven-

tional art. Thus, the efficiency improves as has been shown in
part (b) of FIG. 2.

Advantageous Effects of Embodiment

According to the amplifier 1n accordance with one embodi-
ment of this invention, this 1s an n-way Doherty amplifier
having peak amplifier circuits 5-1 to 5-» which are arranged
to operate 1n stages 1n response to an iput level, wherein the
amplifier 1s arranged so that the saturation output of the peak
amplifier circuit 5-1, . . ., 5-n1s less than the saturation output
of the carrier amplifier circuit 4. Thus 1t 1s possible to lower
the current tlowing 1n the peak amplifier circuit 5 before the
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carrier amplifier circuit 4 1s saturated. This makes 1t possible
to improve the efficiency as a whole.

Especially 1n this amplifier, the saturation output of the
peak amplifier circuit 5 (here, peak amplifier circuit 5-1)
which starts 1ts operation at the minimum nput level 1s made
smaller than that of the carrier amplifier circuit 4; thus, 1t 1s
possible to drastically lower the current that unintentionally
starts to flow 1n the peak amplifier circuit 3 before the carrier
amplifier circuit 4 starts to be saturated, thereby enabling the
amplifier to improve the elliciency as a whole.

Although this amplifier has been described under the
assumption that the saturation output of the carrier amplifier
circuit 4 1s equal to a total sum of saturation outputs of the
peak amplifier circuits 5-1 to 5-z, the amplifier may be modi-
fied so that the total saturation output of all the peak amplifier
circuits 5-1 to 5-» 1s higher than the saturation output of the
carrier amplifier circuit 4 or, alternatively, the saturation out-
put of part of the peak amplifier circuitry 1s higher—even in
this case, such modified amplifier 1s explainable based on the
same theory stated supra. In short, this amplifier 1s effective
for use with those signals which are high 1n peak factor.

While 1t 1s generally desirable that the peak amplifier cir-
cuits 5-1 to 5-» become sequentially larger 1n saturation out-
put in responding to the bias level, 1t 1s also possible to moditly
it based on judgment 1n design phase. In addition, regarding
exactly how the saturation output of the peak amplifier circuit
5-1 that 1s the lowest 1n bias level 1s lessened 1n comparison
with the carrier amplifier circuit 4, this may also be determin-
able based on design judgment.

Another Amplifier

FIG. 3

Currently known configurations for improving the effi-
ciency ol Doherty amplifier include electrical circuitry of the
type having a harmonic wave reflection circuit for reflecting a
harmonic wave on a carrier amplifier circuit and peak ampli-
fier circuit(s).

Consequently, an amplifier 1n accordance with another
embodiment of this invention 1s provided as an amplifier
which employs the harmonic wave reflection technology to
thereby further enhance the advantageous etfect as to the
amplifier efficiency improvement.

A configuration of the amplifier in accordance with another
embodiment of this invention will be described with refer-
ence to FIG. 3. FIG. 3 1s a block diagram showing the con-
figuration of the amplifier (another amplifier) 1n accordance
with another embodiment of the invention. Note that parts or
components similar 1n structure and operation to those shown
in FI1G. 1 are designated by the same reference numerals, with
their explanations being eliminated herein.

As shown 1n FIG. 3, the another amplifier 1s similar 1n basic
configuration to the above-stated amplifier of FIG. 1, with a
harmonic wave generating circuit 30 that generates a har-
monic wave being provided at the input stage of the divider
21. In addition, the amplifier of FIG. 3 1s arranged to have a
carrier amplifier circuit 4' and peak amplifier circuits 3'-1 to
5'-n, each of which includes a harmonic wave reflector circuit
that functions to reflect a harmonic wave.

The harmonic wave generator circuit 30 1s the one that
generates a secondary harmonic wave of a basic wave, which
circuit 1njects the secondary harmonic wave nto an nput
signal to thereby enhance the harmonic wave retlection effect
at the carrier amplifier circuit 4' and peak amplifier circuits
5'-1 to 5'-n, thus enabling further improvement of the ampli-
fier efficiency.
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A configuration of the harmonic wave generator circuit 30
will be described 1n detail later.

The peak amplifier circuits 5'-1 to 3'-n are similar to the
peak amplifier circuits 5-1 to 5-» shown 1n FIG. 1 except that
the former has the harmonic wave reflector circuit. The peak
amplifier circuits 5'-1 to 5'-n are changed to be different 1n
bias level from one another to ensure that these operate in
stages 1n a way depending on a variable input level. The
saturation output of a peak amplifier circuit 5' which starts to
operate at the lowest mput level 1s less than the saturation
output of the carrier amplifier circuit 4.

Amplifier Circuit Configuration in Another Amplifier

FIG. 4

FIG. 4 1s a block diagram showing a configuration of a
respective one of the carrier amplifier circuit 4' and peak
amplifier circuits 5'-1 to 5'-n 1n the amplifier of FIG. 3 also
embodying the invention. Note here that 1n FIG. 4, reference
numerals are added while taking the carrier amplifier circuit
4' as an example; however, a similar configuration 1s employ-
able for each of the peak amplifier circuits 5'-1 to 5'-n.

As shown 1n FIG. 4, the carrier amplifier circuit 4' has an
input match circuit 41, an amplitying element 42 such as a
field effect transistor (FET), an output match circuit 43, and a
harmonic wave retlector circuit 45.

The harmonic wave reflector circuit 45 1s a high-frequency
termination circuit which has high mput impedance with
respect to the frequency of the basic wave and which exhibits
low mput impedance against a secondary harmonic wave
frequency thereol. In other words, the harmonic wave retlec-
tor circuit 43 has its characteristics with increased reflectivity
ol secondary harmonic waves.

Harmonic Wave Generator Circuit 30
FIG. 5

A configuration of the harmonic wave generator circuit 30
will be explained using FIG. 5. FI1G. 5 1s a configuration block
diagram of the harmonic wave generator circuit 30.

As shown1n FIG. 5, the harmonic wave generator circuit 30
1s the circuit that generates a harmonic wave to be injected
into an input signal of the divider 21 in the amplifier of
another embodiment shown 1n FIG. 3. This circuit 1s config-
ured from a divider 31, delay line 35, secondary harmonic
wave generator 32, variable phase shifter 33, variable attenu-
ator 34 and combiner 36.

The divider 31 splits an input signal from the input terminal
1.

The secondary harmonic wave generator 32 1s the one that
generates a harmonic wave. In the first amplifier, this genera-
tor 1s arranged to generate a secondary harmonic wave.

The variable phase shifter 33 1s for adjustment of the phase
of such secondary harmonic wave which 1s generated at the
secondary harmonic wave generator 32.

The variable attenuator 34 1s for adjusting the amplitude of
the secondary harmonic wave that 1s generated by the sec-
ondary harmonic wave generator 32.

It may be configured that a part made up of the variable
phase shifter 33 and the variable attenuator 34 1s functionally
equivalent to a vector adjuster which performs vector adjust-
ment of the secondary harmonic wave generated. In the cir-
cuitry of FIG. 5, the layout order of the secondary harmonic
wave generator 32, variable phase shifter 33 and varniable
attenuator 34 1n a series array thereof may be changed on a
case-by-case basis.
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The vaniable phase shifter 33 and variable attenuator 34 are
for adjusting the phase and amplitude of the secondary har-
monic wave that 1s generated by the secondary harmonic
wave generator 32 1n such a way to optimize the relationship
with the phase and amplitude of a secondary harmonic wave
to be generated at an amplifier portion 1n a post stage of the
divider 21, and simultaneously for adjusting the phase and
amplitude 1n such a way as to optimize an oil

set 1n phase
between the basic wave and the secondary harmonic wave
and also a ratio of amplitude level. Typically, variable phase
shifter 32 and variable attenuator 34 are adjusted to ensure
that the most excellent efficiency 1s obtained at a specific
input level of the input signal (1.e., adjustment point, such as
the point P1 shown in FIG. 2 as an example).

The delay line 35 delays an input signal (basic wave) from
the divider 31, by adegree corresponding to a total processing,
time of the secondary harmonic wave generator 32, variable
phase shifter 33 and variable attenuator 34.

The combiner 36 combines the delayed basic wave signal
and the phase/amplitude-adjusted secondary harmonic wave
as output from the variable attenuator 34 to produce a com-
bined signal, which 1s output to the divider 21.

In this way, the harmonic wave-injectable amplifier of
another embodiment shown in FIG. 3 offers increased effi-
ciency at the specific input level point P1. However, the efli-
ciency can decrease at other points except this point P1: 1in the
case of a harmonic wave being mput, the mntended harmonic
wave 1njectability 1s not fully obtained.

To avoid this, the amplifier of another embodiment 1s
arranged as the n-way Doherty amplifier that uses a low-
saturation amplitying element for the peak amplifier circuit
5'-1 whereby efficiency 1mprevement 1s achieved to thereby
enhance the efficiency-improving eflect owing to the har-
monic wave injection.

One notable advantage of the amplifier of FIGS. 2 and 3
lies 1n 1ts ability to improve the efficiency not only at the point
P1 whereat the carrier amplifier circuit 4' starts to be saturated
but also within a range between the points P1 and P2. This
contributes to suppression of efficiency deterioration other-
wise occurring when a modulation wave 1s iput in the har-
monic wave injection-performed Doherty amplifier, thereby
making it possible to retain high efficiency.

Additionally, the occurrence frequency of signal level
becomes smaller as 1t 1s becoming a small signal from the
average power. Thus, 1t 1s desirable to improve the efliciency
at those points near the point P1, rather than improving the
eificiency at a higher input level. In the example shown 1n
FIG. 2, this 1s the case where the average power 1s setto 0.5 P,

and the efliciency at a nearby region thereof 1s enhanced.

Advantageous Effects of Another Amplifier

The amplifier 1n accordance with another embodiment of
this 1invention 1s an n-way Doherty amplifier having peak
amplifier circuits 5'-1 to 5'-n operating 1n stages in response to
an mput level, which amplifier 1s arranged so that the satura-
tion output of the peak amplifier circuit 5'-1, , 5'-n 18
smaller than the saturation output of the carner amplifier
circuit 4', and which includes the harmonic wave reflector
circuit 1n each of the carrier amplifier circuit 4' and peak
amplifier circuits 5'-1 to 5'-n and further includes the har-
monic wave generator circuit 30 at the input stage. Accord-
ingly, even when a harmonic wave 1s iput, efficiency dete-
rioration at those points other than the harmonic wave
adjustment point 1s suppressed to further enhance the eifi-
ciency improvement owing to the harmonic wave injection
and the harmonic wave reflection, thereby improving the
elficiency of the amplifier device as a whole.

Although 1n FIG. 3 the harmonic wave generator circuit 30
1s provided at the input stage of the divider 21, thus circuit may
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alternatively be provided at an input stage of the carrier ampli-
fier circuit 4', causing the harmonic wave injection to be
performed for the carrier amplifier circuit 4' only. Alterna-
tively, the harmonic wave generator circuit 30 may be pro-
vided at an mput stage of the divider 22 to thereby cause the
harmonic wave to be injected into only the peak amphﬁer
circuits 5-1 to 5-n to thereby attain the efficiency 1mpreve-
ment as a whole. It 1s desirable for the harmonic wave-in-
jected amplifier circuit to have harmonic wave retlector cir-
cuitry, such as the circuit 45 1n FIG. 4.

INDUSTRIAL APPLICABILITY

This mvention 1s adaptable for use 1n amplifiers capable of
improving the amplification efliciency of Doherty amplifier
circuitry.

It should be further understood by those skilled in the art
that although the foregoing description has been made on
embodiments of the invention, the invention i1s not limited
thereto and various changes and modification may be made
without departing from the spirit of the mvention and the
scope of the appended claims.

The invention claimed 1s:

1. An amplifier apparatus comprising;

a carrier amplifier circuit having an amplifying element
operable 1n class-AB or class-B;

a plurality of peak amplifier circuits having amplifying
clements operable 1n class-B or class-C,

wherein an output of said carrier amplifier circuit and out-
puts of said plurality of peak amplifier circuits are com-
bined for signal output;

said plurality of peak amplifier circuits start to operate in
stages 1n response to each mnput level thereof;

a saturation output of a peak amplifier circuit of said plu-
rality of peak amplifier circuits which starts to operate at
a mimmimum input level 1s less than a saturation output of
said carrier amplifier circuit; and

a harmonic wave generation circuit having:

a divider operative to divide for distribution an mnput signal
of a basic frequency 1nto basic wave signals,

a harmonic generator operative to generate a secondary
harmonic wave from one of the basic wave signals
divided,

an adjuster operative to adjust phase and amplitude of the
secondary harmonic wave generated at said harmonic
generator, and

a combiner operative to combine together the phase/am-
plitude-adjusted secondary harmonic wave and a
remaining one ol said basic wave signals divided and
then output a combined signal,

wherein a secondary harmonic wave as output from said
harmonic wave generation circuit 1s imjected into an
input signal of the carrier amplifier circuit and/or peak
amplifier circuit.

2. The amplifier apparatus according to claim 1, wherein
cach of the carrier amplifier circuit and the peak amplifier
circuit further comprises:

a harmonic frequency wave retlection circuit for reflecting

a harmonic frequency wave of the input signal.

3. The amplifier apparatus according to claim 2, wherein
the harmonic frequency wave retlection circuit 1s configured
to be a high-1input impedance for the basic frequency and be a
low-1nput impedance for a secondary harmonic frequency of
the basic frequency.
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